A characteristic feature in the primary visual cortex is that visual responses are suppressed as a stimulus extends beyond the classical receptive field. Here, we examined the role of inhibitory neurons expressing somatostatin (SOM ϩ ) or parvalbumin (PV ϩ ) on surround suppression and preferred receptive field size. We recorded multichannel extracellular activity in V1 of transgenic mice expressing channelrhodopsin in SOM ϩ neurons or PV ϩ neurons. Preferred size and surround suppression were measured using drifting squarewave gratings of varying radii and at two contrasts. Consistent with findings in primates, we found that the preferred size was larger for lower contrasts across all cortical depths, whereas the suppression index (SI) showed a trend to decrease with contrast. We then examined the effect of these metrics on units that were suppressed by photoactivation of either SOM ϩ or PV ϩ neurons. When activating SOM ϩ neurons, we found a significant increase in SI at cortical depths Ͼ400 m, whereas activating PV ϩ neurons caused a trend toward lower SIs regardless of cortical depth. Conversely, activating PV ϩ neurons significantly increased preferred size across all cortical depths, similar to lowering contrast, whereas activating SOM ϩ neurons had no systematic effect on preferred size across all depths. These data suggest that SOM ϩ and PV ϩ neurons contribute differently to spatial integration. Our findings are compatible with the notion that SOM ϩ neurons mediate surround suppression, particularly in deeper cortex, whereas PV ϩ activation decreases the drive of the input to cortex and therefore resembles the effects on spatial integration of lowering contrast.
Introduction
Surround suppression, the inhibitory influence of visual stimuli extending beyond a neuron's classical receptive field, is characteristic of many neurons in the primary visual cortex (Hubel and Wiesel, 1968; Blakemore and Tobin, 1972; Allman et al., 1985; DeAngelis et al., 1994; Levitt and Lund, 1997; Angelucci et al., 2002a; Cavanaugh et al., 2002) . The phenomenon provides an easily quantifiable example of how neurons in early visual cortex are influenced by contextual information from beyond their receptive field. It has received substantial attention because such mechanisms are thought to contribute to perceptual phenomena such as figure-ground segmentation or contour integration (Dobbins et al., 1987; Lamme, 1995; Zipser et al., 1996) . First studied extensively in the macaque monkey (Hubel and Wiesel, 1968; Sceniak et al., 1999; Angelucci et al., 2002a Angelucci et al., , 2002b Cavanaugh et al., 2002; Bair et al., 2003; Angelucci and Bressloff, 2006; Ichida et al., 2007) and cat (DeAngelis et al., 1994) , it has recently also been observed in mouse V1 (Van den Bergh et al., 2010; Adesnik et al., 2012) .
A commonly used way to quantify the spatial structure and the interactions between the excitatory center of the receptive field and the inhibitory influences of the surround is to measure size tuning curves, the responses to circular stimuli of increasing radius (DeAngelis et al., 1994; Levitt and Lund, 1997; Sceniak et al., 1999; Cavanaugh et al., 2002) . Using this paradigm, a neuron's preferred size is defined as the radius for which the neuron responds maximally (if it shows surround suppression) or the minimal radius for which its response asymptotes (in the absence of surround suppression). In monkey V1, it has been shown that when lowering the contrast of a stimulus, a neuron's preferred size increases (Kapadia et al., 1999; Sceniak et al., 1999) ; however, it is unclear whether the same is true in mouse V1. In this study, we therefore first examined whether size tuning was contrast dependent in the mouse. Experimental and theoretical work has suggested that several mechanisms contribute to surround suppression in cortex. Because surround suppression is present in the retina and the thalamus, it is likely at least partially inherited from subcortical processing. Other findings, such as the relative weakness (Kremers et al., 2001; Solomon et al., 2002; Bonin et al., 2005) or absence of contrast dependence of size tuning in the thalamus (Sceniak et al., 2006) , suggest that cortical processing is also important. Recurrent horizontal connections or feedback from extrastriate cortex acting via local inhibitory neurons have been proposed, supported by anatomical data and physiological findings on the temporal and spatial properties of the effects (Bair et al., 2003 ; for review, see Angelucci and Bressloff, 2006) . Studies manipulating GABAergic transmission pharmacologically have reported mixed effects of inhibition on size tuning (Sillito and Versiani, 1977; Bolz and Gilbert, 1986; Ozeki et al., 2004) . Optogenetic approaches available in the mouse model have opened up the possibility of examining the role of specific cortical circuit elements. For example, Adesnik et al. (2012) recently implicated somatostatin-expressing (SOM ϩ ) neurons in surround suppression by showing that SOM ϩ interneurons in mouse V1 lack surround suppression and that their inactivation reduces surround suppression of pyramidal neurons in layer II/III. We build on these findings here by using selective activation of SOM ϩ or parvalbumin-expressing (PV ϩ ) cells, investigating contrast dependence, and recording at different cortical depths.
Materials and Methods

Animals
All procedures were performed in accordance with the guidelines of the National Institutes of Health and were approved by the institutional animal care and use committee at the Salk Institute. Mice used were 7-to 14-week-old Ai27 Rosa-CAG-LSL-hChR2H(134R)-tdTomato-WPRE mice (JAX stock #012567; The Jackson Laboratory, donated by Hongkui Zeng, Allen Institute for Brain Science; Madisen et al., 2012) 
Animal preparation and surgery
A custom-made titanium frame was mounted to the skull using tissue adhesive (Vetbond; 3M) and dentistry grip cement (Caulk DENTSPLY) under general isofluorane anesthesia (2% during induction of anesthesia, 1%-1.8% during surgery), usually at least 1 d before the recording session. After induction of isofluorane anesthesia, the mouse was positioned on a heating pad and ϳ0.1 ml of an injectable local anesthetic (2% lidocaine) was subcutaneously injected above the skull as an additional anesthetic before removing the skin. After implantation, the aperture of the frame and the wound margin were covered with Kwik Cast silicone elastomer (World Precision Instruments). Ibuprofen (30 mg/kg) was given postoperatively. On the day of recording, a craniotomy (ϳ2 mm in diameter, centered at 3.5 mm posterior of bregma and 2.5 mm lateral from the midline) was performed under general anesthesia (isofluorane: 2% during induction and 1%-1.2% during surgery) supported by chlorprothixene 1.3 mg/kg intramuscularly. Atropine (0.3 mg/kg) and dexamethasone (2 mg/kg) were also injected subcutaneously to reduce edema and secretions. The exposed dura was then covered with a thin layer of saline in 2% type IIIA agarose (Sigma). To prevent drying, the eyes were covered with ophthalmic lubricant ointment and with a thin layer of silicone oil for recording. After craniotomy, the animals were transferred to a horizontal running wheel (Fast-Trac #908 -996-2155; Bio-Serv) and the head was fixed by clamping to the implanted frame. During recordings, the animals were taken off of the isofluorane anesthesia and no additional chlorprothixene was given if possible because of its longer half-life. Due to the light chlorprothixene sedation, the animals were usually quiescent, but occasional movements were registered and trials during which movement exceeded 0.5 cm/s were removed from analysis.
Electrophysiology
NeuroNexus silicon probes (A1x32-Edge-5 mm-20 -177, A1x32-5 mm-25-177 or A1x16 -3 mm50 -177, or A2x16 -10 mm-50 -500-177) were used. For the one recording session in which a 2 ϫ 16 probe was used, the data for the two shanks were recorded in separate experiments and the stimulus centered on the receptive fields for each shank separately. Electrodes were held by a Kopf stereotaxic arm mounted on a custom-made rail and always inserted orthogonally to the cortical surface such that the topmost contact was just below the dura and still clearly visible through the translucent dura. After positioning of the optical fiber and insertion of the recording electrode, additional saline in 3% type IIIA agarose was added for stabilization. Visual stimulation experiments began after a settling period of ϳ30 min after electrode insertion into cortex. At the end of the recording session, the animals were killed with Euthasol (Virbac). Signals were recorded using a Tucker Davis Technology (TDT) System 3 recording system with a RZ2 multichannel workstation, sampled at 25 kHz, and band-pass filtered (300 Hz-5 kHz for unit recordings). Thresholds to trigger spiking events were usually set at 6 SDs above the noise. Offline spike sorting was done by hand based on PCA using TDT OpenSorter. Clusters with typical spike waveforms were considered as multi-unit activity, and only well isolated units with a clear refractory period were classified as single units (SUs). For each channel, clusters were restricted to two single units and one multi-unit cluster maximally.
Visual stimuli
Visual stimuli were presented on a Dell 20.5Ј by 11.5Ј gamma-corrected monitor, 81 cd/m 2 mean luminance, positioned 10 cm in front of the animal, centered on the receptive field. Pupil size was not measured, but published data report that the pupil area in mice at such luminance is Ͻ0.25 mm 2 (Pennesi et al., 1998) . Visual stimuli were generated on a Mac running MATLAB using the psychophysics toolbox (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007) . Preceding each size tuning experiment, the receptive field position was measured. To identify the receptive field profiles along a horizontal and vertical axis, respectively, a drifting grating visible only in an elongated rectangular aperture was presented at different horizontal or vertical positions, respectively. The aperture of the grating was 10°ϫ 90°(width by height) to measure the horizontal axis and 90°wide and 10°high to measure the vertical axis. The positions of the peaks of the horizontal and vertical receptive field profiles were then used as the centers of receptive field. For size-tuning experiments, vertically oriented circular square-wave gratings (spatial frequency ϭ 0.015 cpd, temporal frequency ϭ 0.67 Hz, stimulus duration 1.5 s, intertrial duration 3 s with uniform midgray screen, 100% contrast) of different radii (typically 1.8°, 3.5°, 6.9°, 13.7°, 27.3°, 54.5°) were used, interleaved in pseudorandom order, with at least 10 repeats for each parameter combination. Size tuning at different contrasts and for optical stimulation was usually examined in separate experiments. To examine contrast dependence of size tuning, radius and contrast were changed (typically 30% and 100%, range for the low contrast 13-35%, median for the low contrast 30%) between trials. Interleaved blank stimuli (uniform midgray screen) were included in all experiments.
Optical stimulation
Blue light (470 nm) was delivered with an optical fiber (2 mm diameter) coupled to an LED, the output power of which was regulated via a custom-made control by an analog signal generated by the TDT system. The optical fiber was positioned directly above the cortical surface at a distance of ϳ100 -200 m from the electrode. The light level was adjusted such that it reduced the visually driven activity in suppressed units to ϳ50 -60%. This typically required light intensities of 0.5-2 mW/mm 2 at the surface of the brain. Trials with and without optical stimulation were interleaved during the size-tuning experiments. For trials with optical stimulation, the optical stimulation preceded the visual stimulus by 1 s and was kept on for 0.5 s after offset of the visual stimulus.
Analysis
All analyses used the mean responses (in spikes/s) to 1 cycle of the stimulus presentation (1.5 s) above the baseline response (mean response in spikes/s to a 1.5 s presentation of the blank stimulus). For trials with light stimulation, the baseline response corresponded to the mean response to the blank stimulus during optical stimulation. Only those neurons for which activity to the grating stimulus significantly exceeded that to the blank stimulus were evaluated separately for each experimental condition (LED on/off, low contrast and high contrast). For the subset of experiments for which size tuning was tested at more than two contrast values, the low contrast condition was defined as the lowest contrast for which the response was significantly modulated, whereas the high contrast was always defined at 100% contrast. Because each stimulus was centered on the aggregate receptive field center of all simultaneously recorded units, scatter in the receptive field positions within a single column could result in stimuli that would be off center. To exclude units for which the stimulus was clearly off center, an additional selection criterion that the responses for the sizes Յ13.7°were significantly modulated in response to a high-contrast stimulus was included.
The data were fit with a ratio-of-Gaussians model (Cavanaugh et al., 2002) , with a different fit for each contrast or optical stimulation condition by minimizing the mean squared error using the MATLAB function "fminsearch." Successfully fitted units with a mean response for the low contrast or in response to optical stimulation exceeding 0.2 spikes/s were included.
Preferred size. Preferred size was defined as the smallest radius at which the response exceeded 98% of the unit's maximum response based on the fitted data.
As a control, preferred size was also measured based on the raw data. For this, two different metrics were used: first, the size eliciting the peak mean response and, second, the centroid around the peak response and its adjacent neighbors computed as follows:
where r(x i ) are the neuronal mean responses recorded for different stimulus sizes x 1 … x n , and x a the stimulus size for which the mean response peaked. If the peak response occurred at the smallest or largest size tested, the size for the peak response was used as the preferred size instead. SI. The suppression index was defined as the difference between the neuron's maximal response and the response for the largest radius divided by the maximal response. Note that suppression below baseline will result in SI values Ͼ1.
Cortical depth. After insertion of the electrode, it was verified that the topmost contact was clearly visible and just below the dura. The distance of the contacts of the electrode from the surface of the brain was used as an estimate of cortical depth and the top contact was defined to have a depth of 0 m. Superficial recordings were defined as those obtained at depths from 0 to 250 m, intermediate as those obtained at depths from 251 to 400 m, and deep recordings those obtained at depths Ͼ400 m. These depth bands were used for orientation, but they should not be considered to map strictly onto cortical layers.
Results
We used transgenic mice that expressed channelrhodopsin (ChR2; Boyden et al., 2005) in PV ϩ mice or SOM ϩ mice. We recorded the extracellular activity of visually responsive SUs and multi-units in V1 of lightly sedated, quiescent mice. Each experiment began by identifying the receptive field centers (see Materials and Methods) of the units and centering the stimulus. Size tuning of each unit was usually estimated in two separate sets of experiments using a circular drifting square-wave grating of varying radius. In the first set of experiments, we measured size tuning at two different contrasts in randomly interleaved trials (240 total units, 103 SUs). In a second set of experiments, we measured it at 100% contrast while activating SOM ϩ neurons (97 total units, 42 SUs) or PV ϩ neurons (253 total units, 104 SUs) on randomly interleaved trials. All statistical tests were performed for SUs alone and by collapsing across both SUs and multi-units.
Size tuning varies across cortical depths
We found that for 100% contrast stimuli, typical units ( Fig. 1 , filled symbols) show a maximum response at an intermediate radius but lower firing rates in response to gratings with larger radii, similar to previous results from mouse striate cortex (Van den Bergh et al., 2010; Adesnik et al., 2012) . To characterize size tuning, we used two metrics: the preferred size, which corresponds to the minimal radius at which the response reaches 98% of its maximum, and the SI, which quantifies the degree of suppression by stimuli larger than a neuron's preferred size (see Materials and Methods). We first examined how preferred size and SI changed for different cortical depths for 350 units (146 SUs) recorded both in SOM and PV mice (Fig. 2) . Throughout the text, we will refer to depths up to 250 m as superficial, depths between 251 and 400 m as intermediate, and depths Ͼ400 m as deep layers. We found that the median preferred size in deeper , and without activation (LED off, filled symbols, solid lines). Note that for the unit in I, activating SOM ϩ neurons results in strong suppression for large radii and shifts the preferred size to a lower radius, very distinct from the effect of lowering contrast. Preferred sizes and SI for the LED off condition were as follows: 7.8°, 0.24 (G); 10.5°, 0.50 (H ); 31.4°, 0 (I ); and for the LED on condition they were as follows: 12.5°, 0.39 (G); 18.6°, 0.40 (H ); 9.1°; 0.85 (I ). Thick lines are fits. Dashed and solid thin horizontal lines depict the baseline response for LED on and off, respectively. Data for contrast, PV, and SOM are shown in orange, blue, and green, respectively. Squares and circles correspond to data from single units and multi units, respectively.
layers was significantly larger than at intermediate ( p Ͻ 10
Ϫ3 for all units; p Ͻ 0.01 for SUs only, Wilcoxon rank-sum test) or superficial depths ( p Ͻ 0.005 for all units; p Ͻ 0.005 for SUs only, Wilcoxon rank-sum test). The median preferred size in superficial layers was 11.4°(n ϭ 123; median preferred size was 13.2°for SUs only, n ϭ 42) and not significantly different than at intermediate depths (10.5°, n ϭ 81 for all units; 10.3°, n ϭ 28 for SUs only) and larger in deep layers (median preferred size 15.9°, n ϭ 146 for all units; median preferred size was 21.4°, n ϭ 76 for SUs only). Preferred size has been found to be negatively correlated with SI on a cell-by-cell basis in previous studies (Van den Bergh et al., 2010) . It is therefore not surprising that we also observed some differences in SI across depths, with a median SI of 0.19 (median SI ϭ 0.07 for SUs only) for deeper layers, which was slightly, but not significantly weaker than in superficial (median SI ϭ 0.25, p Ͼ 0.05; median SI ϭ 0.25, p Ͼ 0.05 for SUs only, Wilcoxon rank-sum test) and intermediate depths (median SI ϭ 0.22, p Ͼ 0.05; median SI ϭ 0.24, p Ͼ 0.05 for SUs only, Wilcoxon rank-sum test). These variations across cortical depths contrast with the results by Van den Bergh et al. (2010) in urethaneanesthetized mice, in which significant laminar differences were not found in preferred size and SI, but are similar to a recent report (Vaiceliunaite et al., 2013) in awake mice. Although the weak surround suppression in deeper layers is consistent with two recent reports in the mouse (Self et al., 2012; Vaiceliunaite et al., 2013) , it contrasts with findings in the macaque (Shushruth et al., 2009 ). Given the larger receptive field size in deeper layers, it is possible that our largest stimulus, which measured ϳ3 times the size of the median preferred size in deeper layers, was too small to elicit stronger surround suppression, possibly explaining the discrepancy with the data from the macaque.
Size tuning for different contrasts
A striking feature in the macaque monkey (Kapadia et al., 1999; Sceniak et al., 1999) and cat (Sengpiel et al., 1997) striate cortex is that preferred size increases in response to stimuli of lower contrast. We therefore examined the effect of contrast on size tuning. An example is shown in Figure 1B . In response to the lower (30%) contrast gratings, the radius at which the unit responds maximally was increased (preferred radius is 21.3°), whereas the preferred radius at 100% contrast was 7.8°. This pattern was similar across cortical depths (Fig. 1A-C, Fig. 3, left) , n ϭ 54 for deep SUs, paired t test for all). Conversely, there was a trend toward weaker SIs at lower contrasts (median SI ϭ 0.16, median SI ϭ 0.05, for high and low contrast, respectively, collapsed across depths, n ϭ 240; for SUs alone median SI ϭ 0.09 and 0.06, respectively, n ϭ 103). However while showing a trend ( p Ͻ 0.07 across the population and p Ͻ 0.07 for superficial units, paired t tests, Fig. 4A, left) , it was not significant ( p Ͼ 0.1 for deeper depths or for SUs alone, paired t tests for all, Fig. 4A , left), consistent with a previous finding in the macaque (Sceniak et al., 1999 ; although note that Sceniak et al., 1999 used a different method to quantify surround suppression).
Size tuning when selectively activating PV
؉ neurons Next we explored the role that PV ϩ neurons, of which the majority are soma-targeting fast-spiking interneurons, and SOM ϩ neurons, which mainly consist of dendrite-targeting inhibitory interneurons, play in size tuning and surround suppression by activating these neurons with light. Trials with (LED on) and without (LED off) interneuron activation were randomly interleaved in the same experimental blocks. Only units for which activity was suppressed by activation of PV ϩ or SOM ϩ neurons were analyzed and the light intensity was chosen such that it suppressed the visually driven activity of the recorded neurons to 50 -60%. The characteristic effect on size tuning while activating PV ϩ neurons is shown in Fig. 1D -F. Activation of PV ϩ neurons increased the preferred size of the recorded units at all cortical depths. This effect is observed in the majority of units and significant in the population at all cortical depths (Fig. 3A, middle ; p Ͻ 0.001, n ϭ 79 for superficial units; p Ͻ 0.001, n ϭ 61 for units at intermediate depths; p Ͻ 0.001, n ϭ 113 for units in deep layers; p Ͻ 10 Ϫ8 , n ϭ 253 across all layers; p Ͻ 0.005, n ϭ 25 for superficial SUs; p Ͻ 0.01, n ϭ 21 for SUs at intermediate depths; p Ͻ 0.05, n ϭ 58 for SUs in deep layers; p Ͻ 0.001, n ϭ 104 across all depths, paired t test for all comparisons). For a more detailed analysis of how preferred size changed as a function of cortical depth, we plotted the difference in preferred radius (preferred radius for LED on Ϫ preferred radius for LED off) as a function of depth for each unit, where filled and open circles correspond to single units and multi units, respectively (Fig. 3B, middle) . The running mean of 50 adjacent units (black jagged line, shaded area corresponds to Ϯ1 SE) is consistently shifted toward values Ͼ0, indicating that regardless of cortical depth PV ϩ neuron activation increased preferred size, similar to the effect of lowering contrast (compare Fig. 3B, left) . Activating PV ϩ neurons also paralleled the effect of lowering contrast on SI: across all depths, there was a trend toward lower SI ( p Ͻ 0.06, paired t test), although this trend was not significant for SUs alone or for individual depth levels ( p Ͼ 0.1 for each depth level; p Ͼ 0.1 for the same comparisons for SUs alone, paired t test for all, Fig. 4A , middle). The mean difference in SI (SI for LED on Ϫ SI for LED off) showed a slight tendency toward values Ͻ0 (Fig. 4B, middle) .
Size tuning when selectively activating SOM ؉ neurons Conversely, activating SOM ϩ neurons led to a different pattern of effects from that of lowering contrast or activating PV ϩ neurons, and the characteristics are exemplified in Fig. 1G -I. For cortical depths up to 400 m, activation of SOM ϩ resulted in greater preferred size, whereas for the unit recorded at a depth Ͼ400 m, activating SOM ϩ neurons led to pronounced suppression and decreased preferred size (Fig. 1I ) . At the population level, activating SOM ϩ neurons led to increased preferred size in superficial and intermediate layers ( p Ͻ 0.05, n ϭ 44 for superficial units; p Ͻ 0.1, n ϭ 20 for intermediate depths; p Ͼ 0.1, n ϭ 17 for superficial SUs; p Ͼ 0.1, n ϭ 7 for SUs at intermediate depths, paired t tests), but the decrease in size for units at deeper cortical depths did not reach statistical significance ( p Ͼ 0.1, n ϭ 33; p Ͼ 0.1, n ϭ 18 for deep SUs only, paired t test). Because of this mixture of trends across different depths, there was also no significant effect on size tuning when collapsing across depths ( p Ͼ 0.1, n ϭ 97, paired t test). The differential effect on preferred size as a function of depth can more clearly be seen in Fig. 3B , right, which plots the difference in preferred radius (preferred size for LED on Ϫ preferred size for LED off). The running mean (black line, shaded gray shows Ϯ1 SE) is Ͼ0 for units above ϳ400 m, crosses 0 at ϳ500 m, and is Ͻ0 for units in deeper layers.
Conversely, we found no significant change of SI in superficial or intermediate layers ( p Ͼ 0.1 for all units and SUs alone in both layers, paired t tests), whereas SI was increased in deeper layers ( p Ͻ 0.02, n ϭ 33 for deep layers; p Ͻ 0.05, n ϭ 18 for deep SUs; paired t tests; Fig. 4) . Note that the majority of superficial units had SIs well below 1, indicating incomplete suppression such that it should be possible to measure additional suppression by SOM ϩ activation. Our inability to see a significant effect could therefore not be explained by a "ceiling effect." Nonetheless, it is possible that the generally stronger surround suppression in superficial layers limited our ability to detect a significant change in SI for superficial units. In a subset of experiments, we also tested the effect of SOM ϩ neuron activation while presenting low-contrast (median 30% contrast) stimuli, which causes weaker surround suppression compared with high-contrast stimuli (Fig. 4A, left) . Indeed, despite the small sample (n ϭ 9 SUs), we found a clear trend toward significantly larger SI for SOM ϩ stimulation in these units ( p Ͻ 0.09, paired t test), which is consistent with recent findings (Adesnik et al., 2012) . As expected, we also ob- . A, Top row shows data collapsed across cortical depths. The second, third, and bottom row plot measurements obtained for cortical depths from 0 to 250 m, 251 to 400 m, and Ͼ400 m, respectively. Scatterplots in the first column compare preferred radius for a grating at 100% contrast (x-axis) and at low contrast ( y-axis). At all depths, preferred size is significantly ( p Ͻ Ͻ 0.01) larger for the lower contrast. Second and third column compare preferred radius for responses without (x-axis) or with ( y-axis) activation of PV ϩ (second column) or SOM ϩ (third column) neurons. Middle: At all depths, activating PV ϩ neurons results in significantly ( p Ͻ 0.05) larger preferred radius, similar to lowering contrast. Right: Activating SOM ϩ neurons increases preferred radius for superficial neurons ( p Ͻ 0.05), but leads to decreased (not significant) preferred radius for depths Ͼ400 m. Therefore, preferred size across all depths does not change significantly. B, Difference in preferred size for contrast (left), activating PV ϩ neurons (middle), or activating SOM ϩ neurons (right) is plotted as a function of cortical depth. Dashed vertical line shows 0°difference. Thin black line represents running mean of 50 units (left and middle) or 20 units (right), shaded gray Ϯ1 SE. Left, middle: Across depths the mean is shifted to values Ͼ0, reflecting the increased preferred radius for low contrasts (left) or for activating PV ϩ neurons (middle). Right: For depths Ͻ400 m, the mean is slightly shifted to values Ͼ0, indicating larger preferred radius for activating SOM ϩ neurons, but for depths Ͼ400 m, the mean deviates to values Ͻ0 as activating SOM ϩ neurons reduces preferred radius in deeper cortical layers.
served a trend toward smaller preferred sizes in these nine SUs ( p Ͻ 0.17, paired t test). The significant increase of SI for SOM ϩ activation was also present when collapsing across all depths ( p Ͻ 0.01, n ϭ 97 for all units across all depths; p Ͻ 0.02, n ϭ 42 SUs alone across all depths, paired t test). This effect clearly contrasts with our findings for PV ϩ neuron activation and the difference in the effects on SI between SOM ϩ and PV ϩ activation was statistically significant (p Ͻ 0.002, Wilcoxon rank-sum test on the differences in SI for SOM ϩ vs PV ϩ activation). The decrease of SI for SOM ϩ neuron activation with depth is shown in Fig. 4B , right, where the running mean of the difference in SI (SI for LED on Ϫ SI for LED off) increasingly shifts toward larger values with depth, very different from the effect of activating PV ϩ neurons. Our measurements of preferred size were derived from ratio of Gaussian model fits to the data (see Materials and Methods). The mean variance explained for these fits was 83.5%, indicating that the fits provided a good description of the data. Nonetheless, to verify that they did not introduce systematic biases affecting our main results, we also compared the changes in preferred size based on the raw data. Note that because of the discrete and fairly coarse sampling of the size-tuning curves,computingpreferredsizesbasedonthe peak responses discretized the data and was therefore less sensitive to detecting shifts in preferred size because data points apart from the peak response were ignored. We therefore used a metric that computed the centroid around the peak response and its two adjacent neighbors (see Materials and Methods) . This approach decreased the discretization but did not fully abolish the clustering of the data around the sampled values. Nonetheless, this model-free approach yielded the same main results as our results based on fits. For lower contrasts, the preferred sizes were significantly larger (p Ͻ 10 Ϫ5 all units, p Ͻ 0.001 SUs only, paired t tests), similar to PV ϩ activation (p Ͻ 0.005 all units, p Ͻ 0.05 SUs only, paired t tests), whereas SOM ϩ activation had no systematic effect across the population (p Ͼ 0.1 all units and SUs only, paired t tests). The results were similar when preferred size was extracted from the raw data based on the peak response while ignoring any other changes in the tuning curve. Preferred sizes increased for lower contrasts and PV ϩ activation (contrast: p Ͻ 10 Ϫ4 all units, 0.01 SUs only, PV ϩ activation: pϽ0.02 all units, pϽ0.09 SUs only paired t tests), but did not change systematically for SOM ϩ activation (p Ͼ 0.1 for all units and SUs alone, paired t tests).
Summarizing the main effects of contrast and activation of either SOM
؉ or PV ؉ neurons To facilitate the comparison of the main effects on spatial integration across cortical depths, we superimposed the running mean differences Ϯ1 SE in Figure 5 , where the data for changing contrast, activating PV ϩ neurons, or activating SOM ϩ neurons are shown in orange, blue, and green, respectively. A clear similarity between the effect of contrast and activating PV ϩ is apparent from the nearly complete overlap between the data for changes in SI and the fact that the shift away from 0 was in the same direction for preferred size. In contrast, the data for SOM ϩ neuron activation (green shaded area) significantly deviated from that for contrast variation or PV ϩ neuron activation, particularly in deeper cortex.
To further explore these effects, we also compared the systematic relationship between changes in SI and changes in preferred size for contrast, SOM ϩ , and PV ϩ neuron activation. For all conditions (LED on or off, high and low contrast), we observed a negative correlation between SI and preferred size (p Ͻ Ͻ 0.01, Spearman's rank Figure 4 . Population data on the effect of contrast and PV ϩ and SOM ϩ activation on surround suppression (SI). All conventions as in Fig. 3 . A, Left and middle: SI does not change significantly in response to gratings of different contrasts (left) or with activation of PV ϩ neurons (middle) across all cortical depths. Right: Activating SOM ϩ neurons does not result in a significant change of SI at depths Յ400 m, but for depths Ͼ400 m, SI is significantly larger when SOM ϩ neurons are activated ( p Ͻ 0.02). This effect is also significant when collapsing across depths ( p Ͻ 0.01). B, Differences in SI for contrast (left), activating PV ϩ neurons (middle), or activating SOM ϩ neurons (right) are plotted as a function of cortical depth. Left and middle: Slight but nonsignificant deviations of the mean differences to values Ͻ0 across depths. Right: For units recorded deeper than ϳ400 m, SI is significantly larger when activating SOM ϩ neurons.
correlation). When comparing the change in SI for change in contrast, PV ϩ , or SOM ϩ activation with the change in preferred size for each unit, we also found a highly significant negative correlation (Fig. 6, left) . Interestingly, the regression line (type II regression) describing the changes in SI and size for contrast was very similar to that describing the effect of PV ϩ activation (Fig. 6, left) . Conversely, the regression line describing this relationship for SOM ϩ was steeper. This indicates that activation of SOM ϩ led to larger changes in SI than changes in size compared with lowering contrast or PV ϩ activation, which caused larger changes in size. The differences are clearly captured when plotting the y-offset against the regression slope for each condition (Fig. 6, right) .
In addition, because SI depends both on the peak response and the response to the largest stimulus, we wondered whether a differential reduction in firing of these for SOM ϩ and PV ϩ neuron activation might account for the different effects on SI. The examples shown in Fig. 1 suggest that PV ϩ neuron activation predominantly reduced the peak response, whereas SOM ϩ neuron activation reduced both the peak response and the response to the largest stimulus. To examine this at the population level, we compared the reduction in peak response (peak response for LED off Ϫ peak response for LED on) with the reduction in the response to the largest stimulus (response for LED off Ϫ response for LED on). Indeed, for PV ϩ neuron activation, the reduction in peak response was significantly larger than the reduction to the largest stimulus ( p Ͻ 10 Ϫ8 , n ϭ 253 for all units; p Ͻ 10 Ϫ4 , n ϭ 104, SUs only, paired t tests), whereas for SOM ϩ neuron activation, there was no significant difference across the population ( p Ͼ 0.1, n ϭ 97 for all units; p Ͼ 0.5, n ϭ 42, SUs only, paired t tests).
To ensure that the difference between the effects of PV ϩ and SOM ϩ neuron activation could not be explained by different degrees of suppression of the mean responses between the recording sessions, we compared the reduction of the mean of the visual responses for all units. The median suppression was to 68% and 62% for PV ϩ neuron and SOM ϩ neuron stimulation, respectively, not significantly different from each other ( p Ͼ 0.05, Wilcoxon rank-sum test; suppression was to 63%, 59%, and 63% for superficial, intermediate, and deep layers for SOM ϩ neuron activation, respectively, and to 67%, 68%, and 68% for superficial, intermediate, and deep layers for PV ϩ neuron activation, respectively; p Ͼ 0.05 for all comparison for all units and for SUs alone, Wilcoxon rank-sum test). This suggests that the discrepancies in the effects between PV ϩ neurons and SOM ϩ neuron activation did not trivially result from different strengths in suppression of the neuronal mean responses; rather, the strikingly different effects of activating these different classes of interneurons suggest a differential role of these neurons on spatial integration.
Discussion
In this work we have examined how different inhibitory networks in the mouse cortex affect surround suppression, a quantifiable metric with which to study influences that arise from outside of the classical receptive field. To establish a baseline for these comparisons, we characterized for the first time in the mouse the effects of contrast on size tuning and found that the contrast dependence of size tuning resembled that observed in the primate: for lower contrasts, the preferred size increased and there was a trend toward weaker surround suppression. This contrast dependence was similar across cortical depths, although preferred sizes were larger in deeper layers.
We then used optogenetic methods to activate either parvalbumin-or somatostatin-expressing neurons while examining the surround suppression and size tuning of other neurons that were suppressed by this activation. Because the majority of cortical neurons are excitatory, we assume that most of the units we recorded were also excitatory. Although we observed a variety of effects from activation of both neuronal groups, two clearly distinct patterns emerged across the population. Activating PV ϩ neurons resulted in effects on size tuning and surround suppression that resembled the effects of lowering contrast: it increased preferred size across all cortical depths and resulted in a trend toward weaker surround suppression. This finding is compatible with the notion that activating PV ϩ neurons globally increases feedforward inhibition (Pouille et al., 2009) such that the overall input drive arriving in cortex is decreased, as if one had lowered the contrast of the stimulus. In contrast, activating SOM ϩ neurons had more complex effects on preferred size: it tended to lead to an increase in preferred size at superficial and intermediate ϩ and SOM ϩ neurons on spatial integration. Orange, blue, and green lines show data for contrast, PV ϩ activation, and SOM ϩ activation, respectively. A, Shaded areas depict the running means Ϯ1 SE from Figure 3B , but superimposed to facilitate comparison. Note the similarity between the mean effects for contrast and PV ϩ neuron activation. B, Shaded areas compare the running means Ϯ1 SE, replotted from Figure 4B . Note the deviation of the mean effects of SOM ϩ activation from that for contrast and PV ϩ neuron activation. Figure 6 . Relationship between changes of preferred radius and changes in SI for varying contrast and activating PV ϩ and SOM ϩ neurons. Orange, blue, and green show data for contrast, PV ϩ activation, and SOM ϩ activation, respectively. Left: For each unit, the change in preferred radius as a function of contrast, PV ϩ activation, or SOM ϩ neuron activation, respectively, is plotted against its change of SI. For each condition, the correlation is highly significant (r ϭ Ϫ0.44, p Ͻ 10 Ϫ12 for contrast, r ϭ Ϫ0.28, p Ͻ 10 Ϫ5 for PV ϩ , r ϭ Ϫ0.39, p Ͻ 10
Ϫ4
for SOM ϩ , Spearman's rank correlation). Lines correspond to the type II regression lines. Note the similarity of that for changing contrast and PV ϩ neuron activation. Right: Parameters ( y-offset and slope) describing the regression lines are plotted for each condition (error bars depict Ϯ1 SE by resampling) to facilitate comparison. depths and to a decrease in deeper layers. Moreover, we also found that SOM ϩ neuron activation led to a striking increase in surround suppression, particularly in deeper layers.
The differential effects of activating these two groups could not be explained by different strengths of suppression between these groups of neurons across experiments, but likely reflect their distinct connectivity. SOM ϩ and PV ϩ expression label two nonoverlapping groups of neurons (Xu et al., 2010) .
The first group, SOM ϩ neurons, located in layers II-VI, correspond to dendrite targeting inhibitory interneurons, including Martinotti cells (for review, see Markram et al., 2004) , and many show widespread axonal arborization in layer I and in the layer in which their somata are located Xu et al., 2006; Dumitriu et al., 2007) . Based on these anatomical properties and their physiological properties , it has been suggested that SOM ϩ interneurons are involved in feedback inhibition among cortical columns, layers, and cortical areas. They could therefore be ideal candidates to mediate surround suppression. A recent study found direct support for this proposal in layer II/III of the mouse primary visual cortex . Our data suggest that SOM ϩ neurons mediate surround suppression also at greater cortical depths. At first, this may seem paradoxical given the weak surround suppression we observed for deep layers in the absence of SOM ϩ activation. However, the weak surround suppression for the normal condition may have allowed us to detect the suppressive effect of SOM ϩ neuron activation, as our data for superficial layers suggest (see below). Given the larger receptive field size in deeper layers, it is possible that to detect stronger surround suppression in deeper layers under normal conditions would have required larger stimuli than the largest sizes we tested. Our results suggest that in deeper layers, as previously shown for layer II/III, a circuitry for surround suppression is in place and that SOM ϩ neurons play a role in this circuitry. Although there was also a tendency toward stronger surround suppression for SOM ϩ activation in superficial cortex, these effects were not statistically significant in our study. This contrasts with the findings by Adesnik et al. (2012) and could not be explained by a ceiling effect. However, visual response properties (Niell and Stryker, 2010) , including surround suppression Self et al., 2012; Vaiceliunaite et al., 2013) , have been shown to be profoundly influenced by brain state. While we measured surround suppression in lightly sedated mice, Adesnik et al. (2012) used awake, running mice. Moreover, our experiments for low-contrast stimuli suggest that the strong suppression at high contrast in superficial layers limited our ability to detect additional surround suppression driven by SOM ϩ neurons, which may explain the different findings. The results in both studies support the notion that SOM ϩ neurons provide at least in part the local inhibitory influence to drive the cortical component of surround suppression. The question of whether SOM ϩ neurons receive their inputs predominantly from intrinsic connections from neighboring pyramidal neurons, as suggested by Adesnik et al. (2012) , or from feedback connections goes beyond our data. However, earlier studies showed that superficial SOM neurons differ from PV neurons and pyramidal neurons by receiving predominantly lateral inputs from within layer II/III and much less feedforward input from layer IV (Xu and Callaway, 2009) . The increased SI that we found after SOM ϩ neuron activation may also suggest that SOM ϩ neurons preferentially suppress lateral or feedback connections providing the excitatory drive for large stimuli, perhaps due to their overlapping location with SOM ϩ terminals in layer 1.
The second group of neurons studied, PV ϩ neurons, mainly correspond to soma-targeting fast-spiking inhibitory interneurons (for review, see Markram et al., 2004) . These have strong connections to neighboring pyramidal neurons (Yoshimura and Callaway, 2005) , are involved in cortical feedforward inhibition (Swadlow, 2003; Yoshimura and Callaway, 2005) , and generally show broad tuning properties (Niell and Stryker, 2008; Kerlin et al., 2010; ; but see also Runyan et al., 2010 , who characterized a subset of PV ϩ neurons with sharp tuning). These properties, and the observation that PV ϩ activation and inactivation show little influence on the tuning properties and selectivity of neighboring neurons in visual cortex (Atallah et al., 2012; Wilson et al., 2012 , but see also Lee et al., 2012 for contrasting findings, compatible with computational results; Shapley and Xing, 2013) , have led to the hypothesis that PV ϩ neurons mediate global gain control Atallah et al., 2012; Wilson et al., 2012) . Our finding that activating PV ϩ neurons mimics the effect of lowering contrast may thereby at first sight seem counterintuitive, as one would expect that higher contrast is associated with higher PV ϩ neuron activation to maintain the balance of excitation and inhibition in cortex. Moreover, PV ϩ neuron activation has been suggested to play a role in the generation of rhythmic cortical activity in the gamma range (Cardin et al., 2009 ) and, in the monkey, increasing stimulus size (Chalk et al., 2010) or stimulus contrast (Ray and Maunsell, 2011) resulted in increased gamma power in the local field potential, suggesting that in both cases, PV ϩ activity may have been enhanced. One might therefore have expected that additional optogenetic activation of PV ϩ neurons would be similar to the effect on size tuning of increasing rather than decreasing contrast. In contrast to that, our results are consistent with the idea that activation of PV ϩ neurons globally increases feedforward inhibition (Pouille et al., 2009) , thereby decreasing the overall input drive that arrives in cortex and mimicking a lower contrast stimulus. The cortical circuitry mediating surround suppression, for example, involving SOM ϩ neurons, but possibly involving other circuits as well (Ozeki et al., 2009) , therefore processes the visual stimulus as if it were a low-contrast stimulus.
Despite the differences between neurons in mouse V1 and those in cat or primate, such as lower contrast sensitivity and larger receptive fields, it is striking that these neurons mirror basic characteristics of V1 neurons in macaques or cats, such as the contrast dependence of size tuning. Another important difference in the monkey is the distributions of different types of interneurons. Although SOM ϩ neurons are present across layers in macaque V1 (Hendry et al., 1984; Campbell et al., 1987) , they are sparse (Hendry et al., 1984) and the proportion of PV ϩ interneurons is higher in the monkey, ϳ74% (Van Brederode et al., 1990) compared with ϳ40% in the mouse (Xu et al., 2010) . It is therefore unclear whether the effect of PV ϩ and SOM ϩ neurons on spatial integration is similar in other species such as the monkey.
In the mouse, our data are consistent with a circuit model in which PV ϩ neurons mediate global gain via feedforward inhibition, which for this stimulus paradigm mimics the effect of lowering contrast. Conversely, SOM ϩ neurons mediate surround suppression via feedback inhibition driven either by intrinsic lateral connections or by feedback from extrastriate cortex, or it may be that SOM ϩ neurons preferentially suppress feedback and lateral inputs providing the excitatory drive for large stimuli. These differential effects are likely mediated by differences between PV ϩ and SOM ϩ neurons in both their outputs (cell bodies vs distal dendrites) and their inputs, because superficial PV ϩ neurons receive much stronger feedforward layer IV input than SOM ϩ neurons, which are driven predominantly by lateral inputs from within layer II/III (Xu and Callaway, 2009 ).
